INTRODUCTION {#SEC1}
============

Genomic alterations in cell-free DNA (cfDNA) in blood may provide real-time information on tumor progression, treatment effectiveness and cancer metastasis risk ([@B1]). Liquid biopsies that detect and quantify slight variations in DNA sequence have distinct advantages over tissue biopsy for their convenience, minimal invasiveness, and reproducibility ([@B4]). The mutations in cfDNA, commonly single nucleotide substitutions, are usually present at an abundance level close to or even lower than 1%, which is too low for the Sanger sequencing or pyrosequencing coupled with conventional PCR amplification. Much effort has been made to develop novel sequencing technologies or selective PCR methods to improve the assay sensitivity to minor mutant alleles among a large excess of normal wild-type (WT) alleles. Novel sequencing methods such as whole-genome sequencing (WGS), ([@B7]) tagged-amplicon deep sequencing (TAM-Seq) ([@B8],[@B9]) and cancer personalized profiling by deep sequencing (CAPP-Seq) ([@B10]) achieved lower limits of detection (LOD) in the range from 0.02% to 2% (percentage of the mutant type as a fractional abundance) and enabled correlation of mutation types and levels with disease status. However, these methods are time-consuming (from days to weeks) and expensive. For selective PCR approaches, such as digital PCR (dPCR) ([@B9]), co-amplification at lower denaturation temperature-PCR (COLD-PCR), ([@B11]) amplification refractory mutation system PCR (ARMS-PCR), ([@B12],[@B13]) beads, emulsion, amplification, magnetics (BEAMing) ([@B14]) and locked nucleic acid (LNA) assisted wild-type blocking PCR (LNA-PCR) ([@B15],[@B16]), the LODs are generally from 0.01% to 3%, but complex design of the primer and precise control of temperature are often required. In comparison with the normal dPCR which has an LOD of 0.1%, ([@B9]) the droplet digital PCR (ddPCR) reached an LOD as low as 0.001--0.005% ([@B17],[@B18]). However, dPCR assay depends on expensive instruments and time-consuming steps and ddPCR relies on additional devices for the droplet formation and detection. The LOD of SNPase-AMRS-qPCR ([@B13]) even reached 0.0005% by using the novel polymerase SNPase to suppress the background signal of normal AMRS-PCR. However, it required two rounds of PCR amplification and false negative signals occurred when detecting the mutations at low abundances.

Recently, a new electrochemical method based on the hybridization of circulating tumor DNA (ctDNA) with single-stranded DNA clutch probes or peptide nucleic acid (PNA) clamps has been developed and provides LODs between 0.01% and 0.1% ([@B19]). It allowed the detection of ctDNA without the need for PCR amplification. However, the assay was limited by multiple off-line sample pretreatment steps and large fluctuations in the current signals ([@B21]). Taking advantage of the sensitive response of different nucleases to the presence of mismatched base pairs in the DNA substrate, enzyme-assisted single nucleotide mutation detection methods have shown very competitive results in the identification of DNA mutations at very low abundances (0.01--0.1%) ([@B22],[@B23]). However, for some target DNA mutations, the existing approaches rely on expensive fluorescent probes because the fluorophore needs to be labeled at the non-thymine bases within the probe sequence. By contrast, it would be much easier to attach the fluorophore to the phosphate backbone at the end of the probe. Moreover, the linearity between the fluorescence signals of existing probes and the mutation level in the low-abundance range (\<1.0%) was not satisfactory, thus limiting their capability in providing reliable quantitative information of the low-level mutation in clinical samples.

In this work, we disclose a very interesting new property of lambda exonuclease (λ exo), which provides an inherently powerful discrimination capability toward the presence of a mismatched base in the target DNA sequence. Within a simple and mild enzymatic reaction solution, discrimination factors (the ratio of signal induced by perfect-match target to that induced by single-base mismatched target) as high as 220 to 1420 were obtained for different types of mismatched base pairs. By coupling with only a single round of regular PCR, the method allowed for rapid and quantitative measurement of the low-abundance mutations with an LOD down to 0.02%. It enabled identification of an *EGFR*L858R mutation (1.1 ± 0.1%) in the plasma of a lung cancer patient and a *BRAF*V600E mutation (0.9 ± 0.1%) in the plasma of a thyroid cancer patient, respectively, within only 3.5 h. This new method may serve as a practical tool for quantitative measurement of the low-abundance mutations in the cfDNA from plasma samples, and thus holds great potential for wide clinical applications.

MATERIALS AND METHODS {#SEC2}
=====================

Materials {#SEC2-1}
---------

Lambda exonuclease (λ exo), Exonuclease I (Exo I), Vent DNA polymerase (Vent), Lambda Exonuclease Reaction Buffer (67 mM Glycine-KOH (pH 9.4 @ 25°C), 2.5 mM MgCl~2~, 50 μg/ml BSA) and ThermoPol Reaction Buffer (20 mM Tris--HCl, 10 mM KCl, 10 mM (NH~4~)~2~SO~4~, 2 mM MgSO~4~ and 0.1% Triton X-100, pH 8.8 @ 25°C) were purchased from New England Biolabs (MA, USA). Taq DNA polymerase (Taq), Pfu DNA polymerase (Pfu) and dNTPs were purchased from Tiangen Biotech Co. (Beijing, China). DNA strands were synthesized and purified by HPLC (Sangon Biotech Co., China). The sequences of all the probes and targets that have been studied in this work are summarized in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. DNase/RNase free deionized water purchased from Tiangen Biotech Co. (Beijing, China) was used with all the experiment.

Digestion of dsDNA substrate with different 5′ ends and mismatched base pairs by λ exo (Figure [1B](#F1){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) {#SEC2-2}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To a 200 μl PCR tube, 39 μl of water, 5 μl of 10 × ThermolPol Reaction Buffer, 2 μl of probe (10 pmol) and 1 μl of target ssDNA (5 pmol) were added and mixed well. The solution was heated to 85°C and then gradually cooled down to 37°C. Then 3 μl of λ exo (1.67 U) was added and the detection was performed at 37°C on a Rotor-Gene Q 5plex HRM Instrument (QIAGEN, Hilden, Germany) with gain level of 8. Fluorescence intensity was measured once a cycle (5 s per cycle) for 240 cycles. The excitation and emission wavelengths were set to 470 and 510 nm, respectively. The rate of fluorescence increase was determined by the slope of the linear portion of the time curve.

Detection of different target sequences by 5′-overhang probe (Figures [1C](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, [Supplementary Figure S3, S9A, Tables S2 and S3](#sup1){ref-type="supplementary-material"}) {#SEC2-3}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To a 200 μl PCR tube, 39 μl (for Figures [1C](#F1){ref-type="fig"} and [3B](#F3){ref-type="fig"}) or 37 μl (for Figures [3A](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, [Supplementary Figure S3, S9A, Tables S2 and S3](#sup1){ref-type="supplementary-material"}) of water, 5 μl of 10 × Lambda Exonuclease Reaction Buffer, 2 μl of probe (10 pmol) and 1 μl of target ssDNA (5 pmol) were added and mixed well. For Figures [3A](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}, [Supplementary Figure S9A](#sup1){ref-type="supplementary-material"} and the mismatch types of C:C, T:T, T:G in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}, additional 2 μl of (NH~4~)~2~SO~4~ was added to the reaction buffer at a final concentration of 30 mM. For the mismatch types of C:T, C:A, T:C in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}, additional 2 μl of (NH~4~)~2~SO~4~ was added to the reaction buffer at a final concentration of 40 mM. After the same heating-annealing procedures as described above, 3 μl of λ exo (5 U) was added and the detection was performed at 37°C as described above with gain level of 8.

![(**A**) Schematic depiction of the interactions between λ exo and the DNA substrates with different 5′ terminal structures. (**B**) Relative digestion rates of different 5′-FAM substrates with different mismatches by λ exo. The rate of fluorescence increase of PM substrate was set as 1. Error bars represent the standard deviation from experiments performed in triplicate. PM: perfectly matched dsDNA. (**C**) Reaction rates between λ exo and the 5′-FAM 2-mis dsDNA substrate with an additional mismatched base in the duplex. The rate of fluorescence increase of the 2-mis substrate was set as 1. The probe used was P1-5′-FAM and the complementary strands were C1 series ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).](gkx1218fig1){#F1}

Detection of low abundance *BRAF*V600E, *NRAS*Q61R, *EGFR*T790M, *EGFR*G719S and *KRAS*G12X (X = R, S or C) point mutations (Figure [2A](#F2){ref-type="fig"}, [Supplementary Figures S4, S5 and S9B](#sup1){ref-type="supplementary-material"}) {#SEC2-4}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To a 200 μl PCR tube, 37 μl of water, 5 μl of 10 × Lambda Exonuclease Reaction Buffer, 2 μl of probe (10 pmol), 1 μl of mixed target ssDNA with different MT abundances (total amount 5 pmol), 2 μl of (NH~4~)~2~SO~4~ (at a final concentration of 10 mM for Figure [2A](#F2){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}, 20 mM for [Supplementary Figure S4](#sup1){ref-type="supplementary-material"} and 30 mM for [Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}) was added and mixed well. For [Supplementary Figure S5C and D](#sup1){ref-type="supplementary-material"}, additional blocker (20 pmol) was added. After the heating-annealing procedure same as above, 3 μl of λ exo (5 U) was added and the detection was performed at 37°C in the same manner as described above (gain = 10).

![(**A**) Fluorescence intensity responses of P6-*BRAF*V600E in the detection of *BRAF*V600E(1799T\>A) mutation at different abundances (from 0% to 10%). The insert zoomed in the curves of 0.2%, 0.05%, 0.02% and 0%. 100% means the tested strands are all mutant type (T2-*BRAF*V600E-MT-A). 0% means the tested strands are all wild type (T2-*BRAF*V600E-WT-T). (**B**) Calibration curve of the rate of fluorescence increase of P6-*BRAF*V600E versus different levels of *BRAF*V600E mutation (T2-*BRAF*V600E-PCR-MT). The zoom-in insert shows the data points at low mutation levels (0%, 0.05%, 0.2% and 1.0%). (**C**) Fluorescence intensity responses of the P6-*BRAF*V600E in detection of *BRAF*V600E(1799T\>A) mutation in the cfDNA obtained from different samples. (**D**) Fluorescence intensity response of P10-*EGFR*L858R in the detection of *EGFR*L858R (2573T\>G) mutation at different abundances (from 0% to 100%). The insert zoomed in the curves of 0.2%, 0.02% and 0%. 100% means the tested strands are all mutant type (T6-*EGFR*L858R-PCR-MT-G). 0% means the tested strands are all wild type (T6*-EGFR*L858R-PCR-WT-T). (**E**) Calibration curve of the rate of fluorescence increase of P10-*EGFR*L858R versus different levels of *BRAF*V600E mutation (T6-*EGFR*L858R-PCR-MT-G). (**F**) Fluorescence intensity responses of the P10-*EGFR*L858R in detection of *EGFR*L858R(2573T\>G) mutation in different samples. The sequences of the probe and targets were listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Error bars represent the standard deviation from experiments performed in triplicate.](gkx1218fig2){#F2}

Detection of low abundance *BRAF*V600E mutation in circulating cell free DNA (cfDNA) in the plasma of cancer patients (Figure [2B](#F2){ref-type="fig"} & C, [Supplementary Figures S6 and S7](#sup1){ref-type="supplementary-material"}) {#SEC2-5}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The cfDNA was extracted from 100 μl of plasma using the DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany) and quantified with NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). To a 200 μl PCR tube, 26.5 μl of water, 5 μl of 10× ThermolPol Reaction Buffer, 4 μl of dNTPs (10 nmol), 1 μl of forward primers (20 pmol), 1 μl of reverse primers (20 pmol), 1 μl of the dsDNA from the plasma sample (0.05 amol) or the mixed standard sample of synthesized target ssDNA (total amount 0.05 amol) with different MT abundances, 0.5 μl of Vent (1.25 U) were added and mixed well. PCR procedure (94°C 30 s, 60°C 30 s, 72°C 20 s, 25 cycles) was performed on a Rotor-Gene Q 5plex HRM Instrument. After the PCR amplification, 1 μl of Exo I (5 U) was added to remove the unreacted primers, followed by inactivation at 85°C for 10 min. Then 3 μl of λ exo (5 U) was added to digest the strand containing 5′-PO~4~ in the duplex products for 20 min at 37°C. The obtained ssDNA in the solution was then extracted by TIANquick Mini Purification Kit (Tiangen Biotech Co., Beijing, China) and quantified with NanoDrop 2000 UV-Vis Spectrophotometer. Then the mutation detection was performed in the same manner as described above.

Detection of *EGFR*L858R mutation in genomic DNA from the tissue and cfDNA in the plasma of a lung cancer patient (Figure [2D](#F2){ref-type="fig"}--[F](#F2){ref-type="fig"} and [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}) {#SEC2-6}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The genomic DNA was extracted from the tumor tissue of a lung cancer patient by using TIANamp Micro DNA Kit purchased from Tiangen Biotech Co. The cfDNA was extracted from 100 μl of plasma from the same patient using the DNeasy Blood & Tissue Kit. Then the extracted DNA was quantified with NanoDrop 2000 UV-Vis Spectrophotometer. PCR and post-PCR treatment procedures were conducted the same as *BRAF*V600E detection described above for the extracted DNA and the synthesized standards with different mutation abundance, except that the PCR cycles were 94°C 16 s, 56.5°C 16 s, 72°C 25 s, 50 cycles. The *EGFR*L858R mutation was performed after the target ssDNA obtained from the post-PCR treatment was quantified. To a 200 μl PCR tube, 32 μl of water, 5 μl of 10 × Lambda Exonuclease Reaction Buffer, 2 μl of probe (10 pmol), 5 μl of target ssDNA (5 pmol), 2 μl of blocker (20 pmol),1 μl of (NH~4~)~2~SO~4~ (at a final concentration of 10 mM) was added and mixed well. After the heating-annealing procedure same as above, 3 μl of λ exo (10 U) was added and the detection was performed at 37°C in the same manner as described above (gain = 10).

RESULTS AND DISCUSSION {#SEC3}
======================

Terminal structure of the 5′ end of dsDNA substrate substantially affects the digestion rate by λ exo {#SEC3-1}
-----------------------------------------------------------------------------------------------------

λ exo (Figure [1A](#F1){ref-type="fig"}, toroid) is a 5′ to 3′ exonuclease trimer which forms a toroid structure and digests one strand of the double-stranded DNA (dsDNA) with a 5′-PO~4~ end ([@B24],[@B25]). It has been widely accepted that the 5′-PO~4~ end is essential for λ exo to processively digest the single-strand substrate via the electrostatic interactions with the positively charged pocket in λ exo (Figure [1A](#F1){ref-type="fig"}, light green area in the toroid) ([@B26],[@B27]). In our work, however, we found that when we substituted the 5′-PO~4~ end with a 5′-FAM end ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}), and incorporated a mismatched base at the second position from the FAM-labeled 5′ end, the 5′-FAM 2-mis strand (shown in blue ribbon, Figure [1A](#F1){ref-type="fig"}) in a DNA duplex could also be quickly digested by λ exo. The reaction rate was about 14 times faster than that of the perfectly matched 5′-FAM dsDNA substrate (Figure [1B](#F1){ref-type="fig"}). By contrast, the digestion rates of other single-mismatched dsDNA with the altered base located at the third to fifth positions from the FAM-labeled 5′ end (3-mis, 4-mis or 5-mis) by λ exo were all remarkably lower than that of the 2-mis duplex (Figure [1B](#F1){ref-type="fig"}). The digestion rate of the 5′-FAM ssDNA probe alone was only 1.1% of that of the PM duplex, thus the background signal of the probe was almost negligible in comparison with the signal from the 2-mis duplex.

According to the previous work, ([@B28]) dsDNA with a penultimate mismatch may be regarded as bearing a two-nucleotide (2-nt) overhang structure. To confirm such a property, we tested several other dsDNA substrates which also had a 2-nt overhang structure. As shown in [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}, all the tested 5′-FAM substrates with a 2-nt overhang structure could be efficiently digested by λ exo, indicating that the special terminal structure at 5′ end of the dsDNA could also initiate the digestion reaction and lead to cleavage of the 5′-FAM. The reaction rates were even at the same level as that of the 5′-PO~4~ PM substrate, which was traditionally believed as the most suitable substrate for λ exo. Similar results were also obtained for other probes with 5′-FAM end ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}) or 5′-BHQ-1 end ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). These results substantially confirmed that the 5′ terminal 2-nt overhang together with a chemical tag could replace the role of 5′-PO~4~ and pull the 5′ end substrate strand to the reaction center ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}).

Sensitive discrimination of the single nucleotide mutation by using the 5′-overhang probe and λ exo {#SEC3-2}
---------------------------------------------------------------------------------------------------

We further investigated the reactions between λ exo and the 5′-FAM 2-mis substrate with the addition of a second mismatched base near the 2-mis site in the 5′-FAM strand. Interestingly, the digestion rates of 2,*x*-mis (*x* = 4--8) substrates all dramatically decreased compared to that of the 2-mis substrate (Figure [1C](#F1){ref-type="fig"}). The ratio of the signal of the 5′-FAM 2-mis substrate to that of the 2,*x*-mis substrate were observed to be all higher than 200 and some even reached as high as 4511. Such difference was remarkably larger than those obtained for the 5′-PO~4~ dsDNA substrate which contained one or two mismatched bases ([@B29]), indicating that for the 5′-FAM 2-nt-overhang terminal structure, the enzyme required a more precisely hybridized duplex to effectively digest the substrate. Thus the reaction system was much more sensitive to the presence of additional mismatched base pair within the duplex. Based on this unique capability, we propose a flexible 5′-FAM overhang probe to distinguish the known or new single nucleotide variation at known or unknown positions of a target sequence.

First, we focused on detection of single nucleotide mutation of known types at fixed positions based on the large difference between 5′-FAM 2-mis substrate and 5′-FAM 2,*x*-mis (*x* = 4--8) substrate. For this purpose, we set the 2-mis target as the mutant type (MT) sequence and 2,*x*-mis (*x* = 4--8) target as the wild type (WT) sequence. As illustrated in Figure [1A](#F1){ref-type="fig"}, the 5′-FAM probe has a mismatched base at Position 2 (shown in green) with both of the MT and WT targets. The base at one of the positions from 4 to 8 in the 5′-FAM probe was designed to be matched with the altered base in the MT sequence while mismatched with the native one in the WT sequence (In Figure [1A](#F1){ref-type="fig"}, the base at Position 4 was marked as an example). Thus, the resultant probe/MT hybrid would have a 5′-FAM 2-nt overhang structure and be digested very fast; while the probe and the WT would form a 2,*x*-mis unstable hybrid structure, which were digested notably slower. Using P1-5′-FAM and P5-5′-FAM-4T as a model 5′-overhang probe and the base at position 4 from the 5′ end of the probe to match with the target base in the MT sequence, we altered the base type in the WT sequence ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}, T1 series) and measured the discrimination factors (DF, defined as the ratio between the signal of the MT sequence and that of the WT sequence) between the 5′-FAM 2-mis probe/MT hybrid and 5′-FAM 2,4-mis probe/WT hybrid. Under the optimized reaction buffer conditions (as described in the [Supporting Information](#sup1){ref-type="supplementary-material"}), the DFs for all the six different mismatch types were observed to be between 200 and 1420 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Following the above line of thought, we synthesized two new 5′-overhang probes (P6-*BRAF*V600E and P7-*NRAS*Q61R) to detect two genetic mutations associated with diseases. *BRAF*V600E (NM_004333.4:c.1799T\>A) is related to papillary thyroid carcinoma, non-small cell lung cancer (NSCLC), carcinoma of colon, astrocytoma and malignant melanoma ([@B30]). *NRAS*Q61R (NM_002524.4:c.182A\>G) is related to neurocutaneous melanosis, epidermal nevus syndrome, thyroid cancer and NSCLC ([@B31],[@B35]). The DFs were observed to be as high as 611 for *BRAF*V600E and 2153 for *NRAS*Q61R, which enabled detection of *BRAF*V6000E (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}) and *NRAS*Q61R ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) mutations at abundances as low as 0.02% (percentage of the MT).

Then we further extended the method to detect *EGFR*-associated mutations. *EGFR* mutations are related to many cancers such as NSCLC ([@B39]), colon cancer ([@B40]) and breast cancer ([@B41]). The single nucleotide mutations such as *EGFR*L858R, *EGFR*T790M and *EGFR*G719S are widely used for NSCLC diagnosis and treatment evaluation ([@B42],[@B43]). As these mutation sites are buried within GC-rich sequence, it is difficult to distinguish them by conventional methods. We designed three 5′-overhang probes (P8-*EGFR*T790M, P9-*EGFR*G719S and P10-*EGFR*L858R) to detect these mutations. The *EGFR*T790M mutation (NM_005228.4:c.2369C\>T) was relatively easy to discriminate, the DF was 226 and the limit of detection (LOD) was 0.02% ([Supplementary Figure S5A & B](#sup1){ref-type="supplementary-material"}). For *EGFR*G719S (NM_005228.4:c.2155G\>A), the mismatched base pair formed at Position 4 in the probe/WT hybrid was a stable T:G mismatch, which was relatively hard to be discriminated. So we introduced a blocker which had the same length as the probe and perfectly matched with the WT sequence to suppress the background signals ([@B44]). As the probe had two mismatches with WT, the blocker would significantly impede the hybridization of probe and WT. The resultant DF was 286 and the LOD reached 0.02% ([Supplementary Figure S5C and D](#sup1){ref-type="supplementary-material"}).

For *EGFR*L858R (NM_005228.4:c.2573T\>G), the mutation site is surrounded by four consecutive G/C base pairs at each side, thus the discrimination of this mutation is most difficult. In our experiment, we found that if the first base at the 5′ end (Position 1) of the 5′-overhang probe was G or C, the reaction rate of the 2-mis probe/MT hybrid would be very slow, most likely because the G:C base pair was too stable to form the 2-nt overhang structure at the 5′ end. So we employed probe P10-*EGFR*L858R to avoid the formation of G:C or C:G basepair at Position 1. The probe formed 2-mis hybrid with MT and a 2,6-mis hybrid with WT. With the addition of blocker to suppress the background signals of WT, very high DF (996) was obtained and the LOD was 0.02% (Figure [2D](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"}).

Above results substantially demonstrated that the 5′-FAM overhang probe can be used to detect single nucleotide mutation of known types at fixed positions and provide very high DFs and low LODs. Since the sequence of the probe can be flexibly changed according to the position of mutation site and the surrounding sequences, the 5′-overhang probe holds the potential to detect mutations located at any position of the target sequence.

Quantification of the muation level of *BRAF*V600E and *EGFR*L858R in cfDNA in the plasma of cancer patients {#SEC3-3}
------------------------------------------------------------------------------------------------------------

Encouraged by above results, we further applied the method to measure the abundance of *BRAF*V600E mutation in the cfDNA from the plasma of thyroid cancer patients. We extracted the cfDNA from the plasma samples of thyroid cancer patients, liver cancer patients and healthy individuals, respectively. After a single round of conventional PCR and enzymatic treatment, the amplified *BRAF*V600E related sequences were obtained and used for the subsequent mutation detection (see details in the MATERIALS AND METHODS section). It was observed that the polymerase employed for the PCR procedure had significant influences on the PCR products. By comparison of three different DNA polymerases (Taq, Pfu and Vent), we found that the fidelity of Vent was much higher than those of other two tested polymerases. From the experimental results shown in [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}, the background of 100% WT after PCR procedure with Vent polymerase was very low, which was almost similar to that of the no-target control. So we chose Vent to perform the PCR amplification before the mutation detection. We also tested another high fidelity polymerase (Q5 polymerase), the results were generally similar to those of the Vent DNA polymerase, indicating that the influences of mutations possibly introduced during the PCR amplification on the results of our target sequence were negligible. For the detection of very low-abundance mutations, high fidelity polymerases should be employed to conduct the PCR procedure.

From Figure [2C](#F2){ref-type="fig"}, the increased rate of fluorescence signals of *BRAF*V600E mutation in the cfDNA from plasma of the thyroid cancer patient was much faster than those from the liver cancer patient and the healthy people. We performed *t* test (*n* = 3) for the two cancer samples ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). The *BRAF*V600E mutation level detected in the thyroid cancer patient sample was found to be significantly different from that in the healthy people sample (*t* = 44, *P* \< 0.001); while the *BRAF*V600E mutation level detected in the samples from the liver cancer patient and the healthy people were generally similar (t = 0.408). Then we prepared the calibration curve by using the synthesized target MT and WT sequences to obtain standard samples with different mutation abundances and performing the PCR and post-PCR treatment in the same way as above. The rates of fluorescence increase of these standards showed excellent linear relationship with the mutation abundance in the range from 0.05% to 10% (*R*^2^ = 0.9999, Figure [2B](#F2){ref-type="fig"}), thus the abundance of *BRAF*V600E mutation in the cfDNA from plasma of the thyroid cancer patient was quantitatively measured to be 0.9 ± 0.1%. The whole procedure (from extraction of the cfDNA from the plasma samples to giving out the quantitative results of the mutation level) took \<3.5 h, which was much shorter than the sequencing methods, selective PCR-based approaches and ddPCR technology.

To demonstrate the applicability of the method to different target sequences and types of cancer, we further employed P10-*EGFR*L858R to measure the abundance of the *EGFR*L858R mutation in the cfDNA extracted from the plasma of a lung cancer patient. For comparison, genomic DNA extracted from the tumor tissue from the same patient was also measured. As shown in Figure [2F](#F2){ref-type="fig"}, the *EGFR*L858R mutation level detected in the plasma and tissue samples from the lung cancer patients were both significantly higher than that from the healthy people and control sample (0% MT). Based on the standard curve shown in Figure [2E](#F2){ref-type="fig"} (*R*^2^ = 0.99), the abundance of *EGFR*L858R mutation in the cfDNA from the plasma was 1.1 ± 0.2%. The genomic DNA mutation level in the tumor tissue from the same patient was measured to be as high as 26 ± 2%, which was consistent with that obtained by using Sanger sequencing (∼25%, [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). These results substantially prove that our method can be used for quantitative liquid biopsy and provide the same important information as the tissue biopsy for disease diagnosis and treatment.

Detection of mutation of unknown types or at unknown positions {#SEC3-4}
--------------------------------------------------------------

Next, we attempted to use the 5′-overhang probe to detect the single nucleotide mutation of unknown types or at unknown positions, which was also frequently needed in the clinical diagnosis. For this purpose, we first figured out a new strategy to detect all the three possible unknown mutation types at a fixed position. As shown in Figure [3A](#F3){ref-type="fig"}, the probe was designed to be perfectly matched with the WT. Without the 2-nt overhang structure, the probe/WT was digested very slowly. For the mutant type, all the three possible MTs formed a mismatched basepair with the probe at Position 2. Due to the generation of a 2-nt overhang structure at the 5′-FAM end, the probe/MT were digested remarkably faster. The base T at position 1799 in *BRAF*V600 may mutate to A, C or G and form three different mutations, namely *BRAF*V600E, *BRAF*V600A and *BRAF*V600G. From the results shown in Figure [3B](#F3){ref-type="fig"}, one 5′-overhang probe could identify all the three unknown mutations with the DFs of 29, 18 and 22 respectively. The limits of detection reached 0.5% ([Supplementary Figure S9A](#sup1){ref-type="supplementary-material"}). This is far more sensitive than the commonly used sequencing methods for unknown mutation detection and comparable to the selective PCR method such as COLD-PCR. As shown in [Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}, this unknown mutation detection strategy could also be applied to detect the three unknown mutations in *KRAS*G12 at position 34 and the DF achieved 40, 28 and 17 for *KRAS*G12R(34G\>C), *KRAS*G12S(34G\>A) and *KRAS*G12C(34G\>T), respectively.

![(**A**) Schematic depiction of the structures of the probe/*BRAF*-MT and probe/*BRAF*-WT. WT: wild-type target sequence. MT: mutant-type target sequence. (**B**) Fluorescence intensity responses of the P8-*BRAF*V600-unknown to the *BRAF*-WT and three *BRAF*V600(1779T) mutations. (**C**) Schematic depiction of the structures of the probe/*KRAS*-WT and probe/*KRAS*-MT. The mutation may occur in the region from position 33 to 40 shown in light red. (**D**) Detection of seven possible mutations in the codon 11 to codon 14 area in *KRAS*. The DFs (WT to MT signal ratio) were indicated above the columns. Error bars represent the standard deviation from experiments performed in triplicate. The probe used was P13-*KRAS*-multiple unknown and the targets were T9 series. The sequences of the probes and targets were listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.](gkx1218fig3){#F3}

What\'s more challenging is to detect the unknown mutations at unknown positions. We further extended our strategy to detect the unknown mutations at up to eight possible positions by using the 5′-overhang probe within one experiment. According to previous study, multiple mutations may occur in the codon 11 to codon 14 area in *KRAS*. As shown in Figure [3C](#F3){ref-type="fig"}, the probe is designed to have a mismatch with the WT sequence at Position 2, so the probe/WT duplex with the 2-nt overhang structure could be quickly digested by λ exo. With additional mismatched bases present in the region between Position 3 to 10 of the probe, the digestion rates of resultant probe/MT significantly decreased (Figure [3D](#F3){ref-type="fig"}). For the codon 11 to codon 14 area in *KRAS*, the unknown mutations at the seven possible nucleotide positions (between 33 and 40) could all be clearly identified with the DFs ranged from 5.0 to 10674. In comparison with other methods for the detection of unknown mutation at unknown positions, above strategy is much easier and time-saving, thus holds great potential for rapid preliminary screening of the mutations.

Detection of mutation located on the 3′ terminus of the target sequence {#SEC3-5}
-----------------------------------------------------------------------

Another difficult issue in DNA mutation detection is to discriminate the mutations located at the end of a target sequence, as the terminal mismatch only slightly affects the melting temperature of the dsDNA. The decrease of free energy caused by various terminal mismatches was found to be \<1 kcal/mol, which was actually within the variation of free-energy changes for the base pairing between two DNA strands with different sequences ([@B45],[@B46]). Thus, the reported DFs for terminal mismatch were all lower than 10 ([@B47]). The terminal structure-dependent response property of the 5′-overhang probe makes it possible to identify known and unknown mutations at the 3′ terminus of the targets. As shown in Figure [4A](#F4){ref-type="fig"}, for known mutations, the 5′-overhang probe was designed to form a 5′-FAM 2-nt protruding end in the probe/MT duplex. The base T at the third position from the 5′ end (Position 3) of the probe was designed to be matched with the known 3′-terminal base (A) of the MT sequence, thus it would form a mismatch with the base (T, C or G) at 3′-end of the WT sequence. From Figure [4B](#F4){ref-type="fig"}, the probe/MT duplex bearing a 5′ 2-nt overhang structure was digested significantly faster than the probe/WT duplexes which formed a 3-nt overhang structure at the 5′-FAM end. The DFs were observed to be 66 for T:T, 146 for T:C and 120 for T:G mismatches, respectively. For unknown mutations at the 3′ end, as shown in Figure [4C](#F4){ref-type="fig"}, the 5′-overhang probe was designed to form a 5′-FAM 1-nt protruding end in the probe/MT duplex. The base C at Position 2 of the probe was designed to be matched with the known terminal base G at the 3′ end of the WT sequence, thus it was mismatched with the unknown base (C, T or A) at 3′ end of the MT sequence. Figure [4D](#F4){ref-type="fig"} shows that the probe/MT duplex bearing a 5′-FAM 2-nt overhang structure was digested much faster than the probe/WT duplexes which had a 1-nt overhang structure at the 5′-FAM end. The DFs were measured to be 131 for C:C, 106 for C:T and 75 for C:A, respectively. These results proved that for both known and unknown mutations at the 3′ terminus of the target sequence, the 5′-overhang probe showed much higher discrimination capability than the existing methods ([@B47]).

![(**A**) Schematic depiction of the structure of the 5′-overhang probe used for the detection of known mutations at the 3′ end of the target sequence. WT: wild-type target sequence. MT: mutant-type target sequence. (**B**) Fluorescence intensity responses of the P1--5′-FAM to the WT and MT with known-type terminal mutation (T1--1A ([@B30])). (**C**) Schematic depiction of the structure of the 5′-overhang probe used for the detection of unknown mutations at the 3′ end of the target sequence. (**D**) Fluorescence intensity responses of the P1--5′-FAM to the WT and MT with terminal mutation of unknown types (T1--1C ([@B31]), T1--1C ([@B31]) or T1--1T ([@B31])). The sequences of the probe and targets were listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.](gkx1218fig4){#F4}

Taking the above results together, the 5′-overhang probe can be flexibly designed to detect known or unknown mutations at fixed positions or within a short region of the target sequence. They can also be used to detect mutations at the 3′ end of a target sequence with high DFs. In comparison with those previously reported fluorescent probes designed for post-PCR mutation detection ([@B44],[@B51]), a distinct advantage of the 5′-overhang probe was the ultra-high sensitivity to low-abundance mutations, which should be attributed to the special interactions between λ exo and dsDNA with a 5′-FAM 2-nt overhang terminal structure. This unique structure brought the enzyme an extraordinary discrimination capability toward the presence of mismatched base pairs in the duplex region near the 5′ end, thus the DFs between MT and WT are very high.

Actually, the structure-specific recognition property has been previously reported for several other enzymes ([@B55]), such as the 5′ nuclease component of Taq DNA polymerase ([@B56]) and flap endonuclease 1 (FEN1) which can cleave the 5′ flap strand in the invasive displacement DNA complexes ([@B59],[@B60]). By using the sensitive discrimination ability of FEN1 to the substrate structure change ([@B61]), a highly commercialized method, Invader Assay, has been developed ([@B62]), which is now widely used for single nucleotide polymorphisms (SNP) genotyping. ([@B63],[@B64]) Compared with the invasive cleavage work, our method does not need an invasive strand to displace the 5′-overhang, and it achieves comparable performance to that of FEN1. The 5′-overhang probe we used also looks like the Taqman probe, as both of them have a fluorophore at the 5′ end and a quencher at the 3′ end. However, Taqman probe mainly differentiates the MT from WT based on the hybridization stability rather than the terminal structure-mediated enzymatic recognition property, thus the DFs are not as high as those of the 5′-overhang probe.

Another prominent feature of the new method was the simplicity and low cost. As it was much easier to attach the fluorophore to the phosphate backbone at the 5′ end than to label the internal especially non-thymine bases within the probe sequence, the cost savings were estimated to be 40--80%.

We also tested the 5′-BHQ-1 2-nt overhang dsDNA substrates with the FAM labeled at the 3′ end, which were also found to be digested faster than the 5′-BHQ-1 PM substrate without the overhang structure, though the digestion rates of 5′-BHQ-1 2-nt overhang duplexes were only about half of that of the 5′-PO~4~ PM substrate. Under the reaction conditions, FAM was negatively charged while BHQ-1 was positively charged, suggesting that both the 2-nt overhang structure and the chemical property of the specific tag at the 5′ end of the dsDNA substrate have significant influences on the enzymatic reactions. The mechanisms for these interactions are under detailed investigation and will be reported elsewhere.

CONCLUSION {#SEC4}
==========

In conclusion, we have proposed a versatile terminal structure-mediated enzymatic reaction for ultra-sensitive discrimination of single nucleotide mutation. With the combination of a 2-nt overhang structure and a fluorophore labeled at the 5′ end, a 5′-overhang probe was flexibly designed and utilized to detect various mutations at a fixed position or within a short region of the target sequence. The special 5′-terminal structure of the dsDNA enables λ exo to be more sensitive to the presence of mismatched base pairs in the duplex, thus the method offers excellent linear working range even in the low abundance range (\<1.0%, percentage of the mutant type) and achieves a limit of detection as low as 0.02% for *BRAF*V600E mutation, *NRAS*Q61R mutation and three types of *EGFR* mutations (G719S, T790M, and L858R). It enabled identification of a *BRAF*V600E mutation (0.9 ± 0.1%) in the plasma of a thyroid cancer patient and an *EGFR*L858R mutation (1.1 ± 0.1%) in the plasma of a lung cancer patient, respectively, within only 3.5 h. The *EGFR*L858R mutation level in the tumor tissue from the same patient measured by our method (26 ± 2%) was in good agreement with that measured by Sanger sequencing (∼25%). Moreover, the terminal structure-dependent reaction greatly simplifies the probe design and reduces the cost, and the assay only requires a regular real-time PCR machine. The new method holds great potential in providing affordable and minimally invasive liquid biopsy for serial monitoring of genetic mutations that have prognostic or therapeutic implications.
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